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KNOCKING COMBUSTION OBSERVED IN A SPARK-IGNITION ENGINE WITH SIMULTANEOUS
DIRECT AND SCHLIEREN HIGH-SPEED MOTION PICTURES AND PRESSURE RECORDS

By GOLZDONE. OSTESSTFtOM

SUMMARY

Simultaneous direct and 8chlieren photographs at 40,000
frame8 pe; 8econd and correlated pre88ure records were tuken of
knocking combudion in a 8peeial 8park-@ittin engine to
a8certa.in the inten8ity oj certain end-zone reactions prernoudy
noted from schlieren photography alone.

The $r8t stage cf the aui!oignition proces8 as seen in tho
schlieren photograph emitted insujlim”ent light to be. photo-
graphed directly. In one instance, the last 8tage8 of the pre-
knock autoignition proce88 emitted enough light to be photo-
graphed. A. violent propagated homogeneous autoignition, or
a similar phenomenon, pnmiouely ob8err%d, was again ob-
8erred. The?pre88ure record8 8how autoignition of oa?ying
ra”olence before the pas8age of a probable detonation wace.
Extermire autoignition without occurrence of ga8 vibratio~ wm
seen in one explosion.

INTRODUCTION

Ml previous photographic investigations of combustion
and knock employing the NACA high-speed motion-picture
camera have been conducted with schlieren photography
instead of photography of the combustion by its own light,
or “direct” photography (reference 1). These inveAiga-
tions demonstrated two separate and different phenomena in
addition to ordinary combustion, namely, a relatively slow
preknocli reaction termed “autoignition” and a fast reaction
termed the “explosive knock reaction.” In scblieren pho-
tography, irregularitirx in the refractive index of the gaseous
contats of the combustion chamber are photographed. A
flame or other reaction occurring within the combustion
chamber causes localized Mferenc= in index of refraction
that can be recorded. With the type of schlieren system
used for these studies, the actua~ temperatures cannot be
found. Inaemuch as knock is a thermochemical phenome-
non, Imoviledge of end-gas-reaction temperatures is of
prime importance in the study of knock. The schIieren
method -was used, however, because the flame reaction
could thereby be easily photographed with an exposure of
0.000025 second. Direct photographs, by showing that
reactions have proceeded to the luminous state, do offer a
rough con-rentionaI method of distinguishing between low-
and high-temperature reactions. Direct flame photographs,
however, have certain disadvantages. They afford no means
of determining g the absence of a flame because-of the possi-
bihty of insufficient detection sensitivity. Moreover, such

photographs are indistinct in outline and very dit%cuh to
obtain with an exposure of 0.000025 second without the use
of additiv~ to increase ac.tinic radiation. In order to ob-
tain any photographs at all, extremely fast camera lenses
and fis must be used, which yield images whose definition
is inferior to that obtained with the scblieren photographs.

The investigation reported, which was conducted during
194647 at the NACA CleveIand Laboratory, is based on
experiments that simuhaneous~y utlize the respective
advantages of both schlieren and direct photography.
Motion pictures sinndtaneously taken with both schlieren
and direct photography have been chronologically correlated
with one another and with a pressure record in an attempt
to determine whether preknock end-gas reactions, as seen
in schlieren photographs, may represent flame. This report
is based on photographs of only nine eqdosions; therefore,
it cannot be regarded as having univecsal applicability.
Individual eXflIOSiOIIS, however, are assuredly correctly
described because the single motion pictnre is composed of
hundreds of photagrapbs. Each photograph maybe thought
of as a kind of data point with adjacent photographs as
check points.. Thus a given phenomenon shown by a single
motion-picture series unquestionably happened at least
once. Questions of the possibility, but not necessarily t.h~
probability, of the reoccurrence of a given phenomegogr
can thus be answered.

APPARATUS AND PROCEDURE

Engine cylinder and pMon.-The engine used was specif-
ically designed for photographing the entire volume of
burning gas within it during a sir@e explosion; it is a single-
oylinder spark-ignition engine with a +tJ+inch-bore and 7&ch
stroke. A aimplfied sectional view of the engine is shown in ““’”
figure 1. The glass window forming the upper -wall of the
combustion chamber is made of two diska of l-inch-thick
pIate glass. A concave spherical-solace mirror made of
stellite is fastened to the top of the piston by three screws,
which appear in the schlieren photographs as “three black
spots near the edge of the mirror. The combustion chamber
is 4% inches in diameter. Openings around its walIs provide
access for a spark plug, a piezoeleotric pickup for pressure
measurements, and a fuel-injection nozzde. Mer each
qlosion the stellite mirror, the cylinder walls, and the
windows are polished with optical rouge suspended in a
mixture of water and a wetting agent.
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operated without oil because oil would cloudThe piston is
the windows and- the mirror and make irregularities in the
pictures. In addition, burning oil droplets would add to the
difficulty of interpreting the photographs. The onIy lubricant
is a small amount of grriphit e occasionally rubbed onto the
cylinder walls.

w system.—The air flow in and out of the cylipder is
controlled by the piston w it covers and uncovers inlet
and exhaust ports near the bottom of the piston stroke. A
rliagrmn of the air system that was used to measure and
control engine air-flow, pressure, and temperature conditions
ia presented in figure 2, The air flow through the engine
is adjusted by altering the clifference in pressure between
the inlet and outlet passages. This pressure difference, as
weU as the absolute pressure in the cylinder before compress-
ion, may be adjusted by manipulating automatic inlet and
precompression outlet valves. An orifice ffowmeter and a
thermocouple are installed in the inlet-air lines; mercury
manometers measure the pressure in the inlet- and outlet-air
lines. The air is ekwtrically heated.

Fuel system,—The fuel is admitted to the combustion
chamber in the liquid stale. A triphorfice nozzle die-

A

chargw the fuel at high velocity from the injection valve
into the combustion chamber. The desired quantity of M
is forced through the. injection valve and out the orifices at
the proper momenb by the automatic release of a singlc-
stroke spring-driven piston pump. The pump meters the
fuel to an accuracy of +2 percent. This type of system faik
to insure a homogeneous mixture of fuel and air, llixing
the fuel and the air continuously before admission to the
engine wss impractical becau’ee the compression of the mix-
ture was .mfFicient to explode the charge every revohltion.
This situation would be intolerable, m the window woukl
become coated with soot and might even wack from tem-
perature stresses. The fuel system was carefully purged of
gages before us% .wd was kept under. pressure to prcmmt
yapor bubbles from forming in the hot injection valvo and
connecting tubing. The circulating-type system previously
used in NACA investigations wm not u~d bccauso the
proper type of circulating pump was unavailable when the
apparatus Was constructed.

Fressure-reoording system.-The arrangement of the
explosioiFpressure-recording system is shown in figure 3.
A quartz piezoelectric pressure pickup of tht flat+pring-
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FIGUUE4.—Phmel@rlc pressure pickup.

diaphragm type (&. 4) was used to measure comlmstion-
chamber pressures. The dynamic performance of this in-
strument was measured by a method (reference Z) in which
the pickup diaphragm is driven by the inverse piezoelectric
effect. The motions of the diaphragm were measured by
using it as one pIate of an electric condenser, the voItage
variations of which can be observed as the frequency of the
sinusoidal ccinstant-amplitude driving voltage is varied
whale the charge in the condenser remains constant. Tests
performed by this method show that the instrument has no
objectionable natural frequencies through the test range
and will probably not be set into vibration by ordinary com-
bustion shocks. It should bo noted, however, that the
response of the pickup-@. far .frorn..~iform as. the frequency
is varied from 700 to 40,000 cycka per second. For ex-
ample, the unit is six times as sensitive to 16,500-cyc]e-per-
second vibrations as it is to 700-cycIe-per-second vibrations.

In operakion, the output of the pickup passes through a
low-frequency compensating network and thence to an
amplifier developed especially for this type of appIicatiort
(reference 3). The output of the amplfier passes to the
verticaI-deflection plates of a cathode-ray tube, An image
of the tracing spot on the screen of the cathode-my tube is

formed by a lens on a iilm strip wrapped once around a
cylinder rotated by a synchronous motor. The cat hoclc-
ray-tube circuits are fitted with a switch connected to the
crankshaft that turns the eIectron beam on at the proper
moment and keeps it on for about one revolution of the fihn
cylinder. The amplifier remains ineffective for a brief pm-iod
after the eIectron beam is turned on. This lag causes a
straight Iine to appear on the pressure record thut reprcswnts
the average motoring pressure of the combustion chtimlxw
as the engine rotates before the single explosion.

The average voltage input to the cathode-ray tulx during
the motming period is zero because leakage to and from the
eIect.rode plates in the pickup maintains the nvwage charge
at zero. The voltage output corresponding to the average
motoring pressure therefore is zero, The neutral position of
the tracing spot. on the cathocle-ray-tube screen is at rest
with zero deflecting voltage applied. Hence, even though
the pickup and the oscilloscope are unconnsctw-1, the neutral
position of the spot on the screen corresponds to the averago
motoring pressure in the cylinder. When the wnplificr
begins to function, the tracing spot follows the instantaneous
pressure.

In order to use the pressure records quantitut ivdy, some
datum pressure (such as the average motmi.ng pressure), tho
pressure-deflection cotitant of the tracing spot on the record-
ing flrn, and the linear speed of the recording film must IM
known: The a~erage motoring pressure was obtained by
measuring the pressure in a vessel that was twnporariIy
connected to the combustion chamber by a restricted paasagc.
The deflection constant was determined by anaIyzing prm-
sure records of the engine with a range of values of tivcmgo
and peak compression pressures. The pcrili compression
pressure was measured with a CFR peak<ompression-prezsure
gage. The relation between the deflection const til]L and
the time abscissa was such that the preemre-t.ime record was
much flatter than records shown in previous ATACA reports.
In order to compare the present pressure records with pre-
vious NACA records; the slopes of the present recorcla shouhl
be increased by a factor of about 10. Slight irrcguhwities on
pressurg. records of tie present series might have tippmrcd
as discontinuities on previous pressure records. The linear
speed of the recording film is fixed by the synchronous electric.
motor, which is driven from the city electric-power systcm.

Ti.me-correlation system, —The time-correlation device is
also shown in figure 3. Each high-sped camera contains one
neon lamp. Another Iamp is pIaced in the pressure-recording
system att the edge of thti cathode-ray-tube scrccn and in
line with the motion of the spot on the screen. \V1wr~t lwsa
lamps flash, they mark the camera and pressure-rwcird films.
M threo Iamps are in series with one anothw and with u
device that gives two distinct pulses of current through them.
The first pulse occurs when the engine piston is approximately
at top center. The subsequent pulse comes ak nbuuL
20° A.T..C. The simultaneous markings on the two high-speed
camera films and on the pressnre record permit u titnc cor-
relation of three records.

In order that the direct and schlieren high-speed motion
pictures be dire.ctIy comparable when laid side by side, tho
camera rotors had to operate at the same speed at tho nlo-
ment the explosion occurred. Just before.. the engine was
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fired, the difference between the speeds of the two rotors was
reduced to a satisfactory minimum through the use of a
cathode-ray tube as a frequency comparator for the alter-
nating voltages of the two electric camera tachometers.
Comparison of the distances between timing marks on the
two high-speed-camera & strips showed that the speed
equalization was sufficiently accurate to permit direct com-
parison to within 1/15 frame near the time of knock.

Cameras .—The NACA high-speed motion-picture camera,
two of which were used, is described in detail in reference 4.
The positions of the cameras with respect to the combustion
chamber are indicated in @e 5.

One camera is arranged to take bright-field schlieren
photographs. with this type of schlieren system, irregu-
larities in index of refraction (such as those caused by
thermal gradiente) are indicated by black areas on a normally
white background. The light-gathering capacity of the
schlieren camera is ordinarily inadequate to record combustion-
chamber luminosity. The method of operation of the
schlieren system is shown in figure 5. A beam of light from
the incandescent lamp is directed at the mirror on tie piston
top. The mirror reflects most of the light that falls on it,
forming a convergent beam. A large par~ of the beam re-
flected from the piston top is converged through the objective
lens of the camera. Should there be an irregularity at a point
in the combustion chamber that deflects a part of the beam
in such a manner that the light passing through the h-regu-
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(a)Ow’stlon of schlferen tamers.
(b) Owiatlon ofdfrsctesmers.

FIGCFtE5.–DiagramrnMc sketch of optical systems of Mgh.qxed csmmm. (Shsd6d parts represPnt light @h.)

larity is not converged into the camera, the irregularity will
appear black on the photographic positive. The irregularity
‘is unilluminated as far as the camera is concerned. The
camera objective lens is focused on the mirror and the ad-
jacent combustion chamber. The physical dimensiow” of
the scldieren systems are show-n in figure 5. These dimen-
sions fix the sensitivity of the system.

The direct high-speed camera is equipped with a le& of
aperture sufficient to record combustion-chamber radiations
-with a photograph-taking rate equal to that of the schlieren.
camera when panchromatic b hypersensit ized by the
mercury-vapor process (reference 5) is used.

The two high-speed cameras view the combustion chamber
.

along different Ems. The schlieren camera ~iews the cham-
ber along a Iine that is within 1° of perpencliculmity to the
mirror on the piston top. The clirect camera views the
chamber along a Line that makes an angle of about 3° with the
Line of view of the schlieren camera. The oblique viewing
angle of the direct camera causes the combustion-chamber
images formed by it to be slightly elIipt ical, t u;ed, and cut
off around part of the edge when compared with the scldieren
photographs. These differences in ahape, orientation, and -
size of the photographs are small enough to be uhimport ant”
for the scope of the present work.

Engine conditions .—The engine condit.ions used &re: ‘-

Inlet-air temperature, IF-_ -----_ ----_ ----- _-----------_—. 350
Compression ratio ---------- ------__---_----_-__-_-_—_ 7.8

-.
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Engine temperature, OF.. -.------ _.-. -.-..-= --_-~_ ~_= .:- 212
FueI-air mtio-. ----. ----.--,== .--_--. =_~ .+.-:-.r-r -0.19
Preinjection fuel temperature, OF--_-----. ---_ -_-_.-. -ti~.,-. 2~
Met-air plWeUre-:: --”L-::: -~~~--- -.....: .appioxiniately aimospieric
I@ition ~mk, deg B.T.C------------------------------- .20

Engirrespeed, rpm---------------~ .-__~~_-~.~~~.~---,, -, 6CiCI
Fuels-------- _---_ -------~ _~-_-.n-heptaneand M-4 reference fuel

PRESENTATION OF RESULTS”

Enlarged positive prints have been prepared from the
original motion-picture negatives and are presented in figures
6 to 14. The entire motion-picture negative strip from a
single explosion incIudes severaI hundred frames. In order
to permit large reproductions, or.dy those frames showing the
most pertinent phenomena are inchlded. The progress of
the norrnd flame. is omitted.

The schlieren field is uniformIy white before the passage of
the ffame. Inspection of motion pictures of runs that failed
to ignite for various reasons shows that the schlieren field
retains the same appearance throughout the time when the
combustion reactions should have occurred.

A dashed white line betwr.een adjacent frames indicates that
intermediate frames have been omitted. If rione are omitted,
tho period between compIete exposure of successive. frames is
0.000025 second, The frames are numbered according to
their orcler before or after piston top center; top center is
indicated as zero. The frames after top center have negative
signs before the frame number. The clirect and schlieren
photographs are presented in paralIel rows corrdated to lees
than one frame with respect to time,

Circles have been drawn in to represent the outline of the
combustion chamber, The position of spark plug, pressure
pickup, and fuel-spray nozzle may be seen in the eombustion-
chamber cross section in figure 1. Iu generaIj the combustion
front. proceeds from the spark at the 10wer left towafcl the
pressure pickup at the upper right.

In the schIieren photographs, the normaI flame is indicakd
by an irregular dark band on a white field. The front of the
band is frequently distinct but the rear is usua,jly indefinite.
Mottling ahead of the flame front indicates some form of
end-zone reaction. The darker the mottling, the more
intense k. the reaction. In the clirect pictures, light areas
represent recordable luminosity (except for occasional
photographic defects).

The entire pressure record is presented together with an
enlargement of. the portion involving knock. On the

I
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enIa&@ent, points. on the curve corresponding to motion
picture frames are noted. Those characteristics of lhe
explosions obt.ainecl from the pictures and pressure records

that can be presented in tabular form are given in t-able 1,
The schlieren photographs of knocking combustion m

sindar in most respects to those described in previous NACA
reports (references 1, 6, and 7). Certain points of diflwwncc,
however, will be emphasized. The several phases of knock-
ing combustion wi.11bc cbscribed in detail in the following
discussion.

RESULTS AND DISCUSSION

NORMAL FLAMES

The “luminosity of the normal flame preceding knock varies
greatly from explosion to explosion. OuIy a few bright
points in the burned region arc shown in figures 6 and 7.
hTo generaI luminosity is recorded unt.iI shortIy bcforo k
accelerated end-zone reactions. Figure 8 shows a brilliant
flame with eight gradations in luminosity up to [ho leading
edge of the flame. Figure 9 shows a brilliant illuminaticm
near fh~ spark plug with gradunl fading towtird the lrading
edge “0[ the tla~c. The f~intly luminous area in this run
shows points similar to those in figures G and 7 buL Less
bright, Figure’ -10 shows a faint find somewhaL flocculent
flame. hro two flames have the same general nppmr~mrc
back of the flame front. 11.o contours of the fhmcs, m
seen in direct and scldieren pictures Mien sirnulttincously,
obviously do not closely correspond in most cases.

The, large” variation in the intensity of tl.M w-linic hm]i-
nosity from one expIosion to the next is incompletely under-
stood. The amount of fueI sprayed into tho cylinder was
185 percent greater than the stoichiomctric rcquircmcnt.
This quantity was tho minimum that woulcl consistently
explode. How much of this fuel act.unlly cvaporntcd in
the charge air is “unknown. Some of it may have bum
projected across the combustion chamber nnd clung m n
liquid to the opposite wall, If the amount thus rcmlcrcd
,unav@able for mixing with the air varied wi[ h succcesivc
explosions, some of the +cwiation mighL bc. cxpIaincd.

PREKROCKEND-ZONEREACTIOiW

N1 the scldieren photographs indicate, by dnrlwning or
extensive mottling, slow react ions in the cnd zone preccdi[lg,
by many frames, development of recordable md-zono Iunli-
nosity and the violent pressure changes denoting knock..
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(a) Entire premwe record.
(b) Erdruged wrtIorr of pmmnre rem@ megidficatk HO.
(a) Sirnrdteneoue ecllieren and direet Mgh-spmd mottorr ptet~ A, zone of compIeted crjmlmstfo~ B, wkdw dots (Ineert@) empbi?slzing norrnnI We rmn~ C, end zone ehowlmg

mottling tn WdIeren photoRT@s eeusei by slow pmkoock reactkme; D, sxxk-pIug loeat Iow E, presenreplckup Wet low F, whtte dots (Inwtbn)ontlhfrrg first end-zone lumbmeitfi
Q, @weewhhln emewhead eoeket rendered lumbmoe by pmsaure werq H, emake.

Fimx!i fl.- Knockfng comhusthm of n-heptene fuel ebowing feeble normal IYimeIundncdty and brUUnnt md-zrme hrmlnmit y.
. .-
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(o) Mrnnltanoons .mhlken and dfrwt Idgh+xd m&m pklmree; A; &e of oompleted. mmb&Ia~ B-,%Iti && (fnsertfon) emphaelztng normel flnme front; C, cnd ZOD
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G, &s wltfrln sorewhead socket rendered hurrinoti by prwsure wwe: I, regfon nrmtiected Mtil reactIori touches k; J, Intense derkmbrg rmrsed by propagated autotgnlflon;
Indkatbrg dfrection of spread of propagated fmtofgnitfon through ond rare.

.
0 showfag
Irabrosky;
K, arrow

Rauru 7.—Knocking combustion of kf~ fnel sbowlng prapsgatod bomogerwous autdgnftforr,
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(a) Enttre prwure remrd,
(b) Enfar@ portion of pressure reco@ magrdkatio% XIO.
(c) Slmnltsmous seblieren rmd diraet M@-sp?sd motiorr pictures; A, stme of mmpleted mmbustiom B, wbfte dots (hrsestfon) emphasldng normal tie tint: O, end sone showijig

mottlfngCnschlieren photographscausedby stow preknock reaetkms; D,srmrk-plug lccatloqE, ~-pickup Matiow F, whdte dots (fnwtton) Gutlln[ng first end-zone Iumfnc#t y; G, gasm
over serewhead socket rendered lumfnorrs by pmsure wave. .-

FIGOWES.—Knock[ng combustion of n.beptene fuel slrowfng uniform. dlffum &velopment of end-sons hnmhros(ty,
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(a) Entire IIrsssure record.
(b) Enlsrged pmtfon of rx’essursrecnrd; mngnlfimt!rm,X1O.
(o) SImnltaneouewhlleren and direct hfglr-speed motion pfctnrs$ .4, ZOO;of completed combuetlcq B, white dots (fnmrtion) emphcdzing Mrm3f flems frono C, end zone showing mot.

tllng In sehl[eren phomgrephs eanssd by slow preknmk roactfoq D, qxark-pIug loostion; E, prassnre-pickrrp location; F, white dots (huscrtIon) outilnlng first end-zone lumLloeIty.

FKIURE9.—Knocking wmbustion of n-hoptene fnd ehowfng end+mo luminosity sprmding forwsrd from normrd Rzme front



ku

KSOCICIIA_GCOMRTJSTION-OBSERVED WITH DIRECT AXH) SCHIJEREN PHOTOGRAPHY AND PRESSURE RECORDS 117

(a) Ent!repmssure record.
(b) Enlsrgod portion of pressure moord; magrdS.catiOn,X16.
(c) Sktit~o~*t dstikmn M@+@mffm pk~A, zmti-pktti mmb@iou B,wMtedots (~rtlo~mphkbgnml tie fmnGC, eudzomshow~@

w ‘m ddierm photographs mussd by slowprskncck resctiorty D, s~k-plug loeatiow E, pr~piekup loest~q F,whftedots(Inswtion)outliningfimt end-zone Iuminwitg.

FIGURE10,-Combustion of n.heptzne fmefsbow~ vioIent autolgnttion without Imoek vibrations.
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In the present experiments, the simple shape of the end
zone (resuhing from the use of a single spark pIug) made the
end-zone reactions easily dist,ingu~:hable in .rno~t cases.
Table 1, column 2, indicates the number of frames by which
the first signs of the slow reaction in the schIieren pictures
precede the end-zone luminescence. The reactions show
as various types of gradual mottling in the end zone. For
example, in figure 6, the mottling develops @ an almost
uniform manner over the entire end zone. In figure 11, the
mottling first appears as a lomdized dark area immediately
ahead of the flame front. MI other explosions show both
localized and general mottling in various proportions. All
the schliercn photographs show mottling in the end zone
long before luminosity in the end zone is detectable.

In three of the direct photographs, end-zone luminosity is
evident before the pressure record shows the knock to have
begun. The relations for all the runs are in table I, cohmm 3.
In figure 6, the luminosity is visible in frame 30 before
top center; the pressure record shows no knock until between
frames 27 and 26 before top center, or 3% frames later. The
diaphragm of the pressure pickup was directIy in contact
with the gasca first ahowing luminosity, and no delay caused
by pressure-wave-transit time across the combustion chamber
could have been invoIved. In figure 9; “tl. ii”luminosity is
visible in framo 44 before top center. The pressure record
does not show knock until frame 42 before top center, or two.
frames later. In this case, the earliest luminous zone was
about 2 inches from the pressure-pickup diaphragm. Had a
pressure wave started from the luminous zone .@ frame 44
with a speed of 2000 “feet per riecond~“it wotid” have arrived
at the pickup diaphragm two frames later, or at frame 42.
The end-zone luminosity thus may have fist appeared
at the same moment that the knock occurred. The analysis
of figure 11 was the same as that of figure 9. Figure 6 may
have been the ordy one in which end-zone luminosity ap-
peared before the knock occurred.

The preknock reactions, as seen in the schlieren photo-
graphs, are important because they may give some indica-
tion of the chemical condition of the end gas at the moment
that the violent knock reaction commences. If the chemical
condition of the end gas is known, the chemical processes of
the knock reaction may be more. readily analyzed. Two
questions have arisen concerning the preknock mottling since,
it was first reported in reference 7:

1. Are the. disturbances represented by the mottling a
form of oxidation reaction?

2, If the~ are oiidation r(~ctioti~ are t~~y ‘releasing hea,t
rapidly enough to be classified as flames?

In these experiments, no evidence was obtained that. would
permit any conclusive statement as to “whether or not end-
gas oxidation was occurring during most of the prcknocli
mottling period. Other investigators, ho~v.ever, such m
Withrow and Rassweiler (referqncc 8) have obtained spectro-
graphic evidence of the presence of an oxidation product,
namely formaldehyde, in the end gas of an engine operati~g
under knocking conditions.

A further distinct po=ibility exists, however, that mot-
tling in the end zone may represent fuel dissociation with
varying degrees of oxidation. The fact that the end gas
theoretically attains a temperature of 1350° F by adiabatic

compression introduces the probability that at k’tist part of
what is seen as schlieren mottling reprcseuts the compli-
cated situation of thermal and cat fdytic rlissociat iml, or
cracl&-g of the fuel moIecuks in tho presence of oxyg(’n.
The dissociation of the fuel moleculcs, neghw[ ing any
oxidation effects, would be ac.eompaniccl by an expfinsion
of their volume (due to the increased number of II:OIPCUICS)
and an absorption of energy from surrounding ndrcules
duq to:“the endothermic nature of the cracking provcss. This
dissociation theory po=ibly explains the prcktmrk flame
mot.io~ ancl end-zone mottlings dwcribccl in previous N.4C.i
investigations (references 9 anti 10), which wure in twprot,cd
as exotherrnic combustio~l reactions. The possihi]ity could
be experimentally determined by adiabatically compressing
a mixture of fuel md an inert gas to cnd%as conditions and
observi~~ tiny dissociation reactions with a schlirrrn npptir~-
tus stiar to that used in the present cxpw’inwn[s. The
effect of oxygen COUMbe ascertained by diluting tllo hwr~
gas with oxygen in various proportions. Any erarlw{l mole-
cules probably would react quickly with oxygm, th rw
furnishing a ready supply of energy to accelmwtc tfw pmrcss
until some equilibrium condition was achicvcd or th(’ react iou
was completed.

If, in answer to the first. question, {he mottling is assunml
to represent oxidation reactions, the second question may bc
askecl: “Are the reactions releasing hetit rapidly rnough t.u
be classified as flames?” The autbom of reference 7 raisetl
the question, concerning tho degree of reactiou represented
by a homogeneous end-zone mottiing appeming 0.006 second
before the knock, whether the apparently exothcrmic reac-
tions in the end zone are sufficiently intense to emit visilh
light. This speculation has been experimentally verified to
a limited degree in figure 6 in which luminosity was apparen L-
3M frames before knock. Thus it would seem that ill somo
instances the final stages of the prelmock mot tlil)g nmy be
co’midered to represent inflamed gases.

In tlie photographs other than figure 6, all of which after
analysis fail to show luminosiLy before knock, tlw explana-
tion may bc that the photographic mothoci is tiufficient]y
sensitive.

In reference 7, the behavior of the end zone undergoing
gradual darkening ~cforc knock sccmccl to indicatu th~L
considerable pressure was being developed as the end-zone
gases darkened. “lfllen the motion pictures prcscntwl
herein are projected, this momentary rcwcrac nmrenlm t in
“the combustion front is visible. h the front proccds in[o
the end zone, ib appears to stop momentarily aL the time the

field k the end zone starts to show the darlwning already
discussed, The combustion fron L Lhcn proceeds ngain in
the forward direction. ”

The schliercn photographs taken in the studies pruscnhxi
herein show no sudden vibrations or motions of any kind in
the end zone as the mottling begins to dcvolop. Thrrc is no
hesitation of the ffame; it goes on consuming thr und zo]le
up to the moment of knock as if nothing wrrc happening
there. This steady flame progress occurred in till rnns re-
gardless of whether n-heptane or M-4 reference fuel was
used. Any pressure rise due to preknock reactions was so
small that it failed to cause a noticeable increase in the rate
of rise of the pressure record or to affect the nornd flame
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movement. The preknock end-zone reactions described in
previous NACA reports may have been more intense than
those of the present experiments.

FIltSTEVIDZNCES OF KISOCK ON PRESSURE ItECOFiDS AND HIGH-SPEED
PHOTOGRAPHS AND THEIR CHRONOLOGICALCOEEEL4TION

The deflection ‘m the pressure records that indicates the

beginning of accelerated combustion occurs at different crank

positions in different explosions. Table I, column 4, pointing
out this variation, shows that the first deflection occurs as
early as 4° B.T.C. and as late as —2° B.T.C. (A negative
sign in front of a vdqe indicates that the crank has passed
top center.)

In figures 9 and 11 to 13, pressure-record edargements
show the tiltial deflections as the beginning of a momentary
surge. The duration of the pulses varies from 1/10,000
second to 1/20,000 second. In other explosions, except for
figure 10, the first deflection was so quick that the recording
spot moved too fast to lea-re a continuous record on the flm.
Table I, column 5, listing the pressures at the moment when
the first pulse occurred, shows them to vary from about 420
to 560 pounds per square inch. The height of the pressure
surges, when they occurred, varied from one explosion to the
next. A comparison of surging pressure records with corre-
sponding schlieren photographs shows no correlation between
size of end zone and height of pressure surge.

It should be emphasized that the momentary smooth
pulses, evident on the pressure record as the first sign of
knock, -would have appeared as violent irregularities in pre-
vious NACA pressure records. h explanation, as set forth

in the section Apparatus and Procedure, Iies in the relatively

small ratio of pressuredeflection modulus to time-absciasa

tracing rate used in the experiments herein. The discon-

tinuities visible on the pressure records in this report -ivould

have been e-ren more abrupt in the previous records hacl @e

older recording system had adequate photographic speed to

catch them.

Near the time of the first pressure surges, the schlieren

photographs shovr a sudden di.tluse blackening of the aIready

clarkenexl end zone. Table I, column 6, indicates that the

sudden blackening occurred m early as five frames before

the surge and as late as one frame after the surge. The

scldieren photographs pre~nt ed herein show the sudden

blackening fairly \rell in frame – 13 of figure 7, frame 24 of

figure 8, and frame 4 of figure 11. In other e.splosions, the

photographs have to be examined as motion pictures in

order to distinguish the sudden blackening from the con-

fused but relatively static dark pattern that exists in the
end zone before the first pressure-record deflection. The
rapid darkening and the motions were the only signs that
indicated the onset of knock.

It was found in reference 9 that the rapid reaction, first
visible as a slight blur in the high-speed schlieren photo-
graphs, was simultaneous with the beginning of violent gas
vibrations. Both pressure records and motion pictures
indicated subsequent violent vibrations of the gases within
the combustion chamber. The experiments presented herein
indicate the same sort of relation; however, certain d&r-
encea exist. in the appearance of the pictures. The scldieren
flames in the present experiments were diffuse in appearance

just before the knock; hence, any blurring of the sort de-
scribed in reference 9 could not have been seen. The pres~t
experiments show instead a sudden diffuse blackening in the
usuaIIy already dark end zone followed by a rapid clearing of
the schIieren combustion pattern. Other work done tith the
same experiment al engine also indicat= the lack of schliereD
bluming at the onset of knock. This lack of blurring and

other points of difference bctvreen the resuIts of reference 9

and the results herein may be ascribed to the use of heated

irdet air, a diHerent fuel, a diflerent engine, ancl a different

optical system.

End-gas temperatures less than 0.000025 second before

knock ~vere estimated by using the relation

n-l
T, (P)_&~
T,– ,

where

T2 end-gas temperature immediately before knock, ‘R
TI precompression chaige tempemture, “R

PZ combustion-chamber pr=sure mediately before knock,
pounds per square inch absolute

I% precompression ~~ge press~e, pounds per square inch
absolute

n polytropic-compression exponent

It was necessary to assume that negligible heat was being
released by preknock end-zone reactions. A value of 1.3
w-as chosen for n. The end-gas temperatures thus computed
are listed in degrees Fahrenheit in table 1, column 7. They
range from 1310° to 1430° F. For the seven n-heptane
runs, the values of end-gas temperatures range between
13100 and 13900 F. The pressure ratios PJPI from wUW. ___
the temperatures wa-e computed are show-n. in tab~e 1,
column 8. The relatively narrow range of values for the
end-gas temperatures is a reflection of the decreasing

1.3–I

(P)
@ 13

--

sensitivity of the function to increasing values of

pJpl. If the time-pressure conditions to which the end gas
was subjected had been altered by changing engine+pcmt ion
settings such as spark timing or comprwsion ratio, the knock
probably would have occurred at a different time or pressure
or both. This effect has been demonstrated in a continuously
running engine (reference 11).

KNOCK EEACTIO?4

T’i%en the scb.lieren photographs are projected m motion
pictures, the sudden blackening and the violent expansion
wrge that, initiate the characteristic periodic vibrations of
the combustion-chamber gases seem unmistakably am.1 in-
timately associated in time and space. This relation is
impossible to see in the still pictures presented herein (except
for fig. 7) because of the confusion resulting from the inability .
ho distinguish between the static ancl the rapiclly moving
?ortions of the sohlieren pattern in the end zone.

The pressure records of figures 9 and 11 to 13 indicate that
;he rapid reaction that marks the initiation of gas vibrations
may progress to completion in two stages. The fist stage ---
~ppears as a smooth rise and fall, or pulsation; the second
~t.ageis marked by a discontinuity. Perhaps this discontin-
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(a) Entire Pressure reaord,
(b) Enlarged portion of pressure rmwd: msgrrlfkation, XIO.
(o) Wudtsneous seidieren md direct high-syeed motion pictrsree; A, zone of com~leted mmbrretiom B, bkwk dots (fnsertfon) emphaeklng normal flame front; C, end sons showing mot-

tIfng in sehIferen photographs oaussd by slow preknoek reactions; D, spark-plug Imatforx E, prwsure-pickup location; F, bia.ckand whfte dots (fns?rtfoq) outllnirrg tit end-zcmeIurrtlstosity.

FIGURE11,—Kncckfng mmbugtion of n-heptana fuel showfng autolgnltion ~ibly foilowwi by a violent detonation wave.
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(a) Entire pzessure zecozd.
(b) Enkged *ion of Pr=me retit @fl@tiO% XIO.
(c) NnznltaneoUS midhren and W Mgh-speed motion ptctuzes; A, zone of completed combuetioru B, black dote (ineaztkm) emplmslzlng normal dame fronti C, and mns sbow~

mott~ in eeizliezen photographs oauss by tiw -* -t- D, ~~k-pl~ ~tim E, preswe-pfckup lwat~ F, wblte dots (fnea’th) ontllnfng E& end-zone lurninoeity.

FIGURE12.—IQmckingeombuetlon of n-heptane fuel dmwing autoignition PAW foilowed by a m’y mfld det=tfon wa~e.
MKOQKxi l-l
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(d htfraweaaureretard
(b) EdU’gad wrtion of prfssure reco~, magnb%atfonr Xlo.”
(o) Sfmnltaneorse soblhreh and dfr8et hfgh-epwd rnotlon pfctures; .4, &na of wmpleted mmbnatfow B, “~”fite doti (-”4 fi~has!.~g no= “fimo lro~~; “C:and mm showing

mottlbg In whlleren photo~phs caused by sIow prekmok reactfoq D, epark-plug lamtforq E, piwswpicknp location; H,arooke.

FIGUREl&-Krio&@ combustion of n-hap@rrefneI.
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(a) Entire pressure W.
(b) E*ged PWtiOIIof WeS=USremr~ ms@lfIcstton, X1O.
(0) 8hnultmeons sebllem snd dke.et high-sped motion pietti; A, zone of eompIe@d mmbnstion; B, white dots (lneertf04 empwkti _ tlfime ko@ C, end w.*w~

mott~ h ge~eren photographs -by slowpre!moekresctb~ D, spurk-plughat Ioq E, Pmsm+pkmplocMOGF, Mt~ Sndmnel*@h7 G,MS wft~ ~w~ mk~~
remixed Iumlnom by piwm’e wave; H, smoke.

FIGWZ 14.—Violently knocking combustion 01bf~ fuel.
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uity is a manifestation of a detonation wave as reported in
reference 1. The initation of gas vibrations in two stages
suggests that knock may sometimes be preceded by auto-
ignition, sufficiently violent in iteelf to cause gas vibrations,
followed by a detonation wave, which makes the reqction
even more violent. It seems that the autoignition process
alone may or may not be sufficiently rapid t.o cause gas
vibrations. Figure 10 is clear proof of this presumption.

Here, a very large end zone underwent autoignition without

a trace of periodic gas vibrations in the motion pictures or
on the pressure record. Figure 12 shows a mild knock
possibly developing as violent autoi.mition in frame —18 on
the pressure record followed by some kind of discontinuity
between frames —25 and —26 so abrupt that, vibrations of
80,000 cycles per second were excited (probably within the
pickup). This disc.ontinuity may be an indication of the
passage of a detonation wave. When the photographs
are viewed as motion pictures, the vibrations seem to st mt
in frame —18 and no evidence of a detonation wave can be
seen in frame —25 or —26. The wave conld not have been
violent, as can be seen from the pressure record, This
mildness may be why it was missed in the motion pictures.

The suddrm blackening resembles the propsgat ed homo-
geneous autoignitiop obswed in another investigation.
A comparison among frames –13 td.-l6 in figure 7 and
similar pictures from the other investigation clearly shows
this relation. This abnormal form of combustion may be a
borderline case between homogeneous autoignition and a
detonation wave. Other explosions of the present series
show an easily visible fast spqtial prop.ig%tjon of autoignition
when viewed in motion pictures, but the still pictures fail to
show this form of autoignition.

The means by which the considerable vohune of the end
gas could become intensely reactive throughout a sufficient
proportion of its bti in a short enough time to cause gross
pressure diecontinuities has been a point of speculation and
investigation for decades. Ricardo (reference 12) proposed
what has become known as the simple autoignit ion theory of
knock. & he expressed it: “No* when the residual un-
burnt portion of the charge is compressed and heated by
the burning portion to a point above its seMg@ion tem-
perat ure it wiJ.I ignita instantaneously throughout its whole
buIk, and the local rise in pressure due to this instantaneous
ignition is so sudden as to cause the cylinder walls to spring
in much the same manner as though they had been struck
by a hammer. ” Other investigators believed that some
sort of detonation wave passed through the end gas, c.om-
pleting the combustion in a sufficiently short period to cause
gross pressure discontinuities (reference 1). -.

The prin~ipal objection to the simple autoignition theory
is that it assumes perfect homogeneity of composition and
condition in the end gas. The relation between the degree
of homogeneity and the veIocity of sound in the end gas
necessary for the formation of either shock-fonnimg homo-
geneous autoignition or a rapidly moving wavelike mechan-
ism, such as a detonation wave, is discussed in reference 1.
It is concluded there that either is possible, depending on
the conditions. The present experiments support this con-
cept of the two possibilities.

The motion pictures show that in four cases, namely fig-

ures 6 to 8 fmd 14, the surge reaching the wall opposik! Lhe
end zone for the first time momentarily mists the tempcrn-
ture thereabouts so high tht the direct radiation from the
gases located just, above the screw head is recorded by the
sc.hlieren camera. As previously statd, the schIicrcw photo-
graphs are taken by the reflection of exteImRIIy supph?d
light by the mirror composing the piston top, lwcausc ordi-

nary flame reactions are ineuflicicnt ly actinic to record. A

nonreffccting portion of the piston top is normally n bltick

spot., striking evidence of ~he speed with which ihc knock

reaction may proceed to completion is that the schliercn

patterns in the four aforementioned explosions have almost

entirely cleared before the pressure wavo from the reaction

causesjhe extraordinary illumination at the wall dcscrilwd.

This i@minat ion is visible in the stilI photographs of thcso

four explosions presented.

SUMMARY OF RESULTS

Simultaneous direct ancl schlieren photographs at 40,000
frames. per second and correlated pressure records were takcn
of knot.ting combustion in a spark-ignition engine.

End-zone luminosity was preceded in all cases by tiskwsivo
darkening of the end zone as viewed by the. scldic.wn system.
In one ““-@lesion, the direct photographs indicated end-zone
luminosity preceding the beginning of fluctuations on the
pressure record by more than three frames. This osplosion
thus indicRted that the final stsgcs of the preknock cnd-zmm
reactiori shown in the schlieren photographs were int cnsc
enough to photograph and be classified as flame and so sub-
stantiated, to a limited extent, the conclusions of prwrious
NACA reports that the prehmock end-zono mottling in the
schlieren system represented autoignition flames. Schlicren
frames @owing early stages of autoignition were urtw3com-
panied by corresponding inflections in the pressure record and
luminosity of the end zone. Early stages of aut,oigni[ion
were thus probably low-energy reactions evm though quite
extensive within the end zone..

The blur of the schlieren photogmphs precisely clcno[ing
the begj~~ing of knock in emlier NACA experiments wtis
imperceptible in the piwent gchliercn photographs. In at
leastini instance, the final stages of aut.oignition seemed
to merge into a propagated homogeneous autoignit ion
resembling that previously reported by lVACA invmtigw km+.

~ violent espansion of the end zone accompanied the
propagated homogeneous autoignit ion when the schlicrm
photographs were viewed as motion pictures. From the

appearance of the scldieren photographs at tho time of

knock, itwas impossible to say whether or not u detonation

wave similar to those described in previous NACA reports
had passed through the end zone. Some pressure records,
however, show combustion-pressure pulsations of varying
height followed by a discontinuity (probably n detonation
wave).

Extensive autoignit.ion }vithout knocking vibration oc-
curred once, showing that autoignition alone may some 1imcs
be incapable of exciting gas vibrations.

FLIGHT l?iOPULSIOMRESEARCH LABORATORY,

~ATIONAL ADVISORY CoMbiITTEE FOR AERONAUTICS,

CLEVELAND, OHIO, l%ptem~er 16, 1947.
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